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ABSTRACT 


SecULpUlAPEpEOVeGhilLém@ms One Wath avhole bored alone its 
longitudinal axis. The hole presents a problem in getting the 
round expelled from a gun. Some means of sealing the hole until 
the round clears the muzzle is required. A ball-obturator offers 
one practical means of accomplishing this without any accompany- 
ing FOD hazard. The ball-obturator, analogous to a common ball- 
eats elasea under the force o£ the expanding propellant 
Smale manawopens aS SOOn aS it is released. The high projectile 
oeimemcmencreated in the barrel causes the ball to align its ports 
With the projectile tube through a complex gyrodynamic motion 
@eeteeisehaghly dependent upon the external moments relative to the 
Speming projectile. 

iimticesewday presents results of wind-tunnel tests designed to 
‘ieee. drag, and moment forces imparted to the projectile 
imei eleas it transitions to a full open position. Wind-tunnel 
balance designs are discussed and equations for deduction of forces 
ae Puesomeca,  Urag and moment Coefficients are plotted as func- 
BronseoLebaileangle and presented along with Schlieren photographs 
of the flow at each test point. Techniques for separating tunnel 
interference from projectile forces are presented along with an 
uncertainty analysis. 

Consistent results are obtained for drag measurement. Lift 


forces proved undeterminable with the balance design used. Moment 





measurements showed much data scatter though interesting 
Exends are noted and correlations made with the flow visual- 
1zations. Finally the balance deficiencies are uncovered 
Miroughi the uncertainty analysis and a new design is proposed 


for increasing the accuracy of the moment measurement. 
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I. INTRODUCTION 


A. BACKGROUND 

A tubular projectile is one with a hole bored down the 
longitudinal axis which allows free passage of air during 
flight. The advantages include a reduced effective frontal 
Sea which May contribute to a reduction in overall drag coef- 
PuGLent , Cy: A lower Cy results in higher projectile veloci- 
ties at any given point downrange. Thus, if properly designed, 
a tubular projectile may have a shorter time of flight to the 
target and transfer more destructive kinetic energy on impact. 
Such results have been demonstrated during range tests con- 
ducted for concept evaluation of the 20-mm tubular projectile 
for the Vulcan System [1]. In these tests a tubular projectile 
was shown to have a time of flight that was 30 percent shorter 
at 1000 meters and 40 percent shorter at 2000 meters. Even 
though, in some cases, a tubular projectile may have less mass 
than a standard round, the kinetic energy delivered on target 
may be greater as it increases with the square of the velocity 
but only linearly with the mass. Other tests conducted by 
Rhethorst, et. al. [2] have shown that even with the same 
energy of impact the tubular projectile penetrates further. 
It has also been noted that the hole made by a tubular pro- 
jectile will not close because a circular plug is cut from 


the target. Studies conducted by Kitchen and Keeser [35] 





snowed that 20-mm tubular projectiles penetrated simulated 
aircraft fuel cells even when fired at angles up to 70 degrees 
from the normal. Standard M56 HEI projectiles failed to breach 
the same target at the higher degrees of obliquity although 
Severe damage did result. 

The disadvantages to the tubular projectile include high 
manufacturing costs, possible incompatibility with present 
weapon systems, and less mass for a given caliber which may 
negate the lower Cy advantage in larger guns. Even in the 
small calibers the aerodynamic advantages have still not been 
firmly established. In the report of a study conducted by 
Charters and Thomas [4] at the Aberdeen Proving Ground it was 
concluded that, "The aerodynamic performance of a tubular pro- 
jectile can be equaled or bettered by a well streamlined, 


felid projectile." 


bee OBSTACLE TO PRACTICAL APPLICATION 

One Obvious problem associated with tubular projectiles 
1S Dlocking the hole while it is still in the gun to keep the 
- expanding propellant gases behind the round. The most straight- 
forward method is to literally cork it. The plug, or sabot, 
Seals tne barrel during firing and drops away once the projec- 
tile leaves the muzzle. This method has been successfully 
demonstrated but is not considered practical for use in modern 
jet aircraft where the rejected sabot presents a serious haz- 


ieee tieinyjested by the engine. 





ere xk SOLUTION 

The ball-obturated tubular projectile offers a practical 
solution that is analogous to a common ball valve. The longi- 
tudinal hole is closed by a spherically seated ball while in 
the gun barrel and is opened by the spinning ball motion within 
the projectile after leaving the muzzle. The high spin rates 
developed in the barrel tend to throw the ball's mass away from 
the center of spin. As soon as the force of the expanding 
gases is released the ball, being in an unstable position, 
rapidly rotates about its mass centroidal axis and aligns its 
ports with the projectile tube. 

This thesis is an extension of work started by Nunn and 
Bloomer [5,6] in which the equations governing the motion of 
Emes Dall in response to the applied moments were developed. 

As stated therein a major goal of continuing research should 
be directed toward an understanding of the nature of the aero- 
mmamte £Orces acting on the ball especially under partially- 
open ball conditions. It was for that purpose that this study 
was undertaken. 

Initially it was hoped to develop an apparatus to measure 
iMertwwanes, and overturning moment acting on the ball. The 
supersonic wind-tunnel at the Naval Postgraduate School was 
designated to be used for this study. 

The study was conducted with strut-mounted projectiles 
Seracwed tO @ Cantilever beam. Strain gages were used to 


determine beam displacement which allowed deduction of both 


14 





drag and overturning moment. A prototype 20-mm ball-obturated 
tubular projectile was modified so the ball could be rotated 
and pinned at predetermined positions during testing (Fig. 1). 
Tests were then run and coefficients of drag and overturning 
moment were calculated and plotted as functions of ball angle 


and Mach number. 
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Il. EXPERIMENTAL APPARATUS 


A. THE WIND-TUNNEL INSTRUMENTATION 

BceopPabattseused tor ally testime is pictured in Figure 
2 and depicted schematically in Figure 3. The wind-tunnel 
is of a fixed Mach number type with nominal test-section area 
of 0.lm square. Interchangeable nozzle blocks were used to 
qibewmeccstS at nominal Mach numbers of 1.94, 2.88, amd 4.0. 

A standard mercury and glass barometer was used to indicate 
aibteme pressure after correction for temperature and gravita- 
tional variation. Another mercury manometer was connected to 
tie tummel wall about 10-cm upstream of the model in order to 


Meeiiec EMe CESt-Section static pressure, P The assumption 


Ww! 
Vecmiledewenaat the static pressure at this point was represent- 
er moment im tie €esSt-~scetion Upstream ot the projectile. 
Uieemercury column displayed magnitude of the tunnel test- 
cemomevacuum in inches of mereury Delow ambient pressure. 
ieee enum Oressure, Py» was measured with a pressure trans- 
(igcmeddasthe Output Slgnal recorded em a strip chart for the 
Gimetrroneo: Gach run. The strain gage outputs were recorded 
Fm ideantreal Strip chart rum at the Same chart speed so 
that plenum pressure variations could be correlated with beam 


Nomen ineorder to closely coordimate all three measurements, 


(Seeaammcaces, plenum pressure, and té6ést-section vacuum), the 
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Day column was read first and immediately the strip chart 
hecoraime pens were lifted off the paper just long enough to 
leave a gap in the tracings to serve as an event marker. 

A Schlieren optical system was used for flow visualization 
and a photograph was taken at each Mach number and ball setting. 
It was hoped the photographs would show correlation between 


measurements and observed flow phenomena. 


Bee tHE BALANCE 
Design of the balance constituted a major portion of the 
Study. A variety of mechanical and electrical means for sens- 
ing pressure and force were considered. Design requirements 
for the balance were as follows: 
meeoerengtn Sufficient to handle drag forces estimated 
co ve aS hign as S30N with adequate provision for tran- 


Silent peaks and design uncertainties. 


ee) 


Semetucal support for the projectile in the tunnel 
was to be obtained with a minimum of interference 


midet low ODStTrUCt LON. 


GA 


An unobstructed view through the side ports was neces- 
sary to make the Schlieren photographs. 

4. The nozzle block design allowed instrumentation to be 
inserted through the lower wall only; it was made of 

a workable phenolic while the upper block was solid 


Steel. 





>. The balance instrumentation had to be insensitive to 
environmental temperature, pressure and humidity changes. 

6. The balance itself had to be sturdy enough to withstand 
possibly severe vibrations caused by turbulent shear 
and tunnel start-up transients. 

7. Allowance was needed to provide for quick adjustments 
to the test projectile through the removable viewing 
ports. 

8. The projectile support strut had to provide the smallest 
aerodynamic interference possible so its contribution to 
the total measured quantities was minimized. 

9. The strain gage arrangement was to provide maximum sens- 
itivity to aerodynamic forces while being of minimum 
scesand relatively amSensitive toespurious slgnais. 

The initial design solution is shown in Figure 4 with a standard 
Z20-mm projectile mounted on two struts. The design appeared to 
have a low-enough interference drag but was inadequate in three 
respects. First the baseplate, which acts as a fairing where 
the balance protrudes through the tunnel floor, was too thin 
and its bending was an unmeasured quantity that may have proved 
wecuiimeant in the final analysis. Secondly the baseplate lead- 
ing edge extended far enough forward that a shock wave formed 
there interfered with the mounted projectile. This shock is 
readily apparent in the Schlieren photograph, Figure 5, which 
shows the mount in the tunnel with a wedge body attached at 


Mach 2.9. Both of these shortcomings proved academic, as a 





Meaiemesse ll the Ssilver-soldered jointS at the strut/baseplate 
Petctcwmemeeresuited im the launeh of @ 2Z0-mm projectile, with 
struts attached, down the tunnel at Mach 2.9. 

The next design, shown in Figure 6 and in the design draw- 
ing, Freure /, overcame these weaknesses with a thicker base- 
plate of minimum fore and aft dimension and a balance machined 
from a single piece of low carbon steel. The single strut was 
designed for minimum drag by maximizing the width dimension, 
(ce emmmo and keeping it as thin as possible, (3.8 mm). The 
mount was also designed to maximize the distance, % , from 
ballleeemeer to strut center. The longer this moment arm could 
bempagemcne Nigher would be the moments experienced at the 
point of measurement. A further advantage of the new design 
was that the single wedge shaped strut lent itself to inter- 
ference drag approximations by using standard compressible 


mow Cheory . 


C. AERODYNAMIC FORCE AND MOMENT MEASUREMENT 
The strain gages were mounted using standard Boecaniques . 

Originally, each of four gages was Wiaci@mtomamsecpamacre record- 
ing channel and to an identical temperature compensating gage. 
The compensators were mounted as close as physically possible 
below the cantilever part of the balance. Temperature compen- 
sation proved inadequate with this gage configuration, however, 
because of the extreme sensitivity of the gages and the rapid 


temperature changes that occurred during Eeapboke lL “siechiee 21 bhow: 


tO 
[i 








Figure 4. M56 projectile mounted in the wind- 
tunnel on initial balance design. 
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Figure 5. Schlieren photograph of initial balance 
With double-wedge mounted at Mach 2.9. 
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Second balance design-sketch. 


All dimensions im millimeters. 





The apparatus was very sensitive even to the temperature gra- 
dient established across the 2 cm-or-so distance between the 
recording gage and its temperature compensator. As a result, 
the recording channels would not hold a steady zero setting. 
ime solution to this problem was to connect the two recording 
@aees at the same height but on different sides of the canti- 
Hever to the same channel. The arrangement was wired so that 
one recording gage acted as the temperature compensator for 

the other. This worked out well because the temperature gra- 
dient between each pair of gages was only across the cantilever 
thickness - 3.0 mm. With four gages on four separate recording 
channels the theory for reducing the gage outputs to the three 


Mivsrcal Quantities, lift, drag, and overturning moment is as 





follows: 
YC 
\ 
M MA ber Soop and Riu Beetle On O0O Ge 
fo =) 4 
— — } : i 
K —— | iy PO Mien = eOls eames Det Weel stomscs 
| I and moments and the gage signal 
| Y 
| Me 
r | outputs. 
| 
ar. _ | | 
| 7 v Say Sea Tew Cetlo Lom 
| | i | Kou = gage j, bending 
eee 
| | 
BUA aan. JUS OUeMNCS selene ees BI i 
and D are given as functions of 
De 'c = fORGceneCompoments in the “jamuey 


direction and a moment, M, as 
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A = Kap Y + Kay Cy, X - ™) 
B = Kar Y - Kony (Yp X - M) 
C = Keg Y + Koy Cyc X - M) 
D = Kop Y - Kpy (yp X - M) 


where Yar Yp> etc. are the distances between the moment center 
and the gage locations. 
The four strain relationships may be combined to produce 


the three equations below: 


A-B = Y¥(Kyqp-Kyp) > M(KayytKpa) + XCKay YatKgny Yp) (1) 

C-D = Y(Kep-Kpp) - MKoytkpy) + XCKoy ¥o*Kpy Yp) (2) 

Pera p= Y(K,- + Kar + Kop + Kp) cS 
* MECKgyy > Kay) * Con > Key) 


— XECvg Key > Ya Kay) * Op Spm - Ye Ken?! 
mmawecages are assumed identical, then, 


Kap = Kop = Kop = App 


and 


K K =o =I 
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fomeiaeeeauations (1), (2), and (3) are Suimmneien eds EO : 


= 
t 
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ie ce - MM) (3) 


ee Gy, X = M) (4) 
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7 _ K 
B= AeB+C+D = KY - XU (yg - yg) + (yp - yo] (5) 


where K = Kay + Ku 2K ay 

Ry = Kay * Kyp * Kop + Kyo 

an Venere _ eee o: 
ane a Yo = 2 


Finally these relationships may be combined and solved for 


the forces and moment as follows: 


eee) ee CAB) 


Drag Ke - _ (6) 
en, ay 
i = KX 
Lift — a” rs Egy ee One) 1! (7) 
1 
ac Dye ABD) 
“sq  \——— a aaa aaa (8) 


K (Y, ia Yee 


When the shift was made to two recording channels vice 
four, lift could no longer De measured because it was no longer 
possible to obtain the % value required above. 

Although lift was a desired quantity it could have not 
have been measured with much accuracy using the chosen balance 
design. A pure lift measurement would require determining how 
much the steel cantilever beam was stretched. The lift force 
due to rotation of the ball within the projectile, and esti- 


mated to be less than .2N, would not produce an output signal 


28 





high enough to separate it from Spurious noise signals in the 
Meranee instrumentation. (At that lift force the cantilever 
peulad €xperience a strain of 0.26 microstrains.) In addition 
to improved temperature compensation, a major advantage to 
using two gages on each recording channel was that the ampli- 
tude of the output, now equal to the difference in the gage 
outputs, was doubled so that a much higher signal-to-noise 
ratio was obtained. Also the arithmetic difference of gage 
pair outputs was now performed by the circuitry and thus 


another possible source of error was eliminated. 


Pree wteRPERENCE DETERMINATION 

The final major problem encountered in the testing proce- 
dure was that of determining what part of the total measured 
drag and moment was caused by the projectile alone. Deviations 
of the total measured quantities from those due to the projec- 
tile alone were assumed to result from balance, tunnel, and 
projectile interactions and will be referred to as tare 
quantities. The interactions included form and frictional 
drag on exposed balance parts, flows through small gaps betwee 
baseplate and tunnel floor, shock waves formedon the baseplate 
leading edge and unknown pressure gradients across the test 
Se eu home 

Several methods were considered to estimate these ''tare" 
quantities. The first method involved attaching a test body 


to the strut that has theoretically well-established drag 





properties such as the double-ended wedge shown in Figure 5. 
Unfortunately the basic theory is for an infinite span wedge 
Popesemrne test Section could, of course, only accommodate a 
somewhat shorter one. The maximum aspect ratio possible was 
about eight and then the tips of that wedge would be intrud- 
ing into the less uniform flow at the boundaries of the test 
section side wall. Further, there would be considerable devi- 
melonmiuom theory due to etfects such as tip vortices and 
cross-flow drag if the angle-of-attack was any value but zero. 
A double-ended cone might have reduced the number of unknown 
flow effects but, as with the wedge, there would still be the 
q@uesti0n of the flow interaction at the test-body/strut attach- 
ment. It was finally decided to use a standard M56 20-mm pro- 
jectile for which the drag had been measured in actual firing 
tests [7]. The overturning moment, M, was assumed to be Zero 
for this standard. It was realized, however, that probable 
pressure differences existed between top and bottom of the 
projectile caused by the strut attachment. This pressure im- 
balance would result in a lift force and possibly some over- 
Pemeieemement. The problem of the resulting nonzero moment 
Pmricecssed 1 the experimental results section. 

Before each new series of runs the projectiles were checked 
for zero angle of attack with a surveyor's transit while mounted 
in the tunnel. It should also be noted that, inherent in the 


balance design, some angle of attack is created whenever a drag 





hemecets experienced by the projectile or strut. This occurs 
because the anchored end of the cantilever causes the strut 
tip to swing through some arc, however small, whenever the 
Pueweetlles1s displaced from the no-load position. Standard 
beam bending formulas were used along with an estimated force 
loading to estimate the change in angle of attack. The small 
fraction of a degree obtained was considered negligible for 
Bites C Mi teeoneeelli =tests . 

The calibration of the balance was accomplished using the 
Peeieeeoesnewn in Figure 8 and Figure 9. In the first case 
a pure drag-type force was applied, and in the second a pure 
femenmce !ne results were reduced to provide the constant of 
Peeperctionality, K, required by the linear relationships for 


drag and moment. A sample calibration is included in Appendix B. 


E. THE TUBULAR PROJECTILE WIND-TUNNEL MODEL 

The tubular projectile was modified so that the ball was 
Gewiherea tO rOtation about 1ts pitch axis only. It could 
be pinned in nine different rotation angles, 0 , by use of a 
" set screw and dimples machined into the ball. The finished 
product is shown in Figure 1 along with the standard 20-mm pro- 
yectile. Fisure 7 includes a cross sectional drawing of the 
modification. Notice the direction of positive © . A tang 
Aeewemeepmor the Strut was) Inserted g@mto a grove in the pro- 
jicgerieemandethe two were secured Witheaspair of shear pins. 


In spite of close machining tolerances some sloppiness of fit 
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Figure 8. Drag calibration apparatus. 
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Mismeemcociit as the projectile could be rocked slightly about 
mecmpilecn axis while on the strut. This unwanted motion was 
taken-up by building a seat for the projectile on top of the 
PetuUcemeen solder and epoxy. The stiffness of the mount im- 
mac cemnebe nl CeStecxperience so that the Mach 1.94 data is more 
free from this effect than the data of the Mach 2.88 series, 


and the Mach 4.0 data should be the best of all. 





Vite sete tear REOU LTS 


Peer eeliLe DRAG 
InecOurrections to Total Drag (Cy ) 
gh 


a. Reference Coefficient Correction (Cy ) 
TA 


The measured total drag coefficient was corrected 


with a reference coefficient for the standard M56 20-mm as 


follows: 
@ = 3G = fc 
2 Bh nen 
where 
@ =e = 
7 Ts pr 
and 
Cy = projectile drag coefficient 
Cy = total measured drag coefficient 
T 
Cy = interference drag coefficient, (Table I) 
TA 
Ch = total measured drag for an M56 projectile 
iS 
Cy = reference drag coefficient for an M56 projectile 
aK 


be EStimated Values of Drag Correction Coefficients 


The interference drag coefficient was checked by 


comparison with a theoretically caiculated tare drag based on 


elementary compressible flow methods for the strut, (a double 


CA 
oe) 





wedge in cross-section). This theoretical estimate, Cy sales 
he 
compared with the experimentally determined tare drags in 


Maole |. 
iatesl!. “Drag Coerfiiciene Correction Comparison 
M. S € : G C 
iis Dor mi mis 
1, 3 ie 820 465 S55 288 
2.88 648 588 260 183 
4.0 476 oune .160 136 


*The reference drag coefficient for M = 4.0 was obtained 
through private communication with the Naval Weapons Center, 
China Lake, CA, Code 3247. Values at other Mach numbers are 
those reported in [7]. 

Notice that the theoretical tare drags are less than those 
derived from experimentation. This is as expected because the 
theory is for a double-wedge of infinite span while the flow 
@enose the Strut is complicated by many factors such as inter- 
Megeneemrerom DOth the projectile and tunnel floor. 

2. Presentation of Results 

Eeeomres 10, 11, 12, and 13 show Cy as sd) GUMG ELON Oda 

The ball is full open at © = 0 and full closed for values of 9 

greater than 75 degrees. The uncertainty band calculations 

were performed as recommended by Ref. [8], and were based on 

TesultsmeOr the ball angle giving the’ most-scattered data for 

each Mach number. Table II gives numerical values for the maxi- 

mmercdetional uncertainty associated with the major experi- 


mental parameters. 
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Table II. Drag Coefficient Uncertainty (worst case) 


M, AP AM AD age 





OF Ww 20 D 
P. Me D im 
1.94 064 022 099 126 
2.88 062 O14 155 169 
4.0 031 ESS ees eed 05 


a. Observations 

These data indicate the following trends and effects: 

(1) The drag coefficient at ball angles up to 50 
@eerees decreases with increasing Mach number. At higher ball 
angles, the trend with Mach number may be obscured by experi- 
mental uncertainty. 

(2) The drag approaches a constant value as 09 
approaches 90 degrees (the closed position) at any given Mach 
number. 

(3) The full-open ball position does not have a 
miaemecerticient that is appreciably lower than that of the 
- reference projectile at Mach 1.94. 

(4) The drag coefficient with the ball fully open 
is appreciably reduced at Mach 2.88 and 4.0. 

(5) As illustrated by the combined plot of mean 
Dmaemeoemrte1ent values, Figure 13, the drag coefficient for 


the closed-ball position is lower at Mach 1.94 than at the 
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higher Mach numbers. With the ball open, though, the Mach 
1.94 drag coefficient exceeds the higher Mach number values. 


Discussion of these results is continued in Section IV. 


B. PROJECTILE OVERTURNING MOMENT 
1. Corrections to Total Moment (Cy 
a. Standard Projectile Correction 
The total measured moment coefficient was corrected 
With a tare value obtained from tests of the standard M56 20-mm 
projectile. The mean of the measured values for “he was used 


—mctenmeiech number, and the tubular projectile overturning 


moments were estimated as follows: 


“mM ~ “My” SMa 
where 
Cy - Projectile overturning moment coefficient. 
CM, - Total measured overturning moment coefficient. 
CM - Interference moment coefficient (Table III). 


Table III. Moment Coefficient Correction 


Mach Mann 
1.94 - .2308 
Ds) .0802 
4.0 -,0549 
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The above corrections assume that the standard projectile 
has zero overturning moment. As the results show, Appendix A, 
mioewas NOt the Gase. It 1s probable that any small angle- 
of-attack, a , resulted in just such a moment. The angle-of- 
attack was set at zero in the shop and confirmed in place. 
Even so, a small deviation from zero could go undetected. In 
migewease, aS a result of projectile drag, a small angle-of- 
attack was developed as the strut was displaced from a no-load 
posttron . 

eee weseieation Of Results 

Figures 14, 16, and 18 show Cys aca. LUnCEION. Of GFLor 

the three test Mach numbers. The worst-case values for the 
uncertainty bands appear in Table IV. (The values for AM_/M, 
and ee. are identical to those used in the drag calculations 


and are not repeated here.) 


Table IV. Moment Coefficient Uncertainty (worst case} 


M AM ACy, 
20 a on 
1.94 liseeeAa jee ae & 
D8 102 eZ 
4.0 2.24 Cees 





Tioimwore the mOnent COeCrtiterent plots 1s followed by a 
EPemeues On ochlieren photographs for flow visualization com- 
parisons as the ball is closed down. The bottom right pic- 
miter On cach Series is the standard 20-mm projectile. 

a. Observations 
In spite of the prohibitively large uncertainties 
in these measurements, a few trends are worth noting: 
(1) The tare moments for Mach 1.94 and 4.0 are 
Bochemecative, (pitch down). 
(2) The moment coefficients become positive as 
the ball is closed down. 


Cee DOth che Mach 2yccuande4a0 = plotseshow Cato 


M 
be negative at the full open ball position yet it is positive 
at Mach 1.94. 

(4) The moment coefficient appears to reach a 
maximum value at about the point of maximum bow-shock detach- 
ment, (see Schlieren series). 

(5) <All curves demonstrate consistent behavior 
iietndtethney rise rapidly as 0 is increased. Then all reach 
a maximum and dip down again before recovering to somewhat 
enone mera lues . 


(6) The uncertainty bands are exceedingly large 


and all are dominated by the AM/M term. 
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Figure 17. Schlieren series 
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Pee loCUSs TON LOR RESULTS AND RECOMMENDATIONS 


PemeebenG COEFFICIENT 

1. As the ball closes, the drag coefficient shows a tend- 
ency tO rise sooner at the lower Mach numbers. Interestingly, 
@iempoimt where the curves change from a distinct positive 
Slope to an asymptotic behavior occurs somewhat after initial 
bow shock detachment. This is well after the point where 
Supersonic flow is no longer expected within the projectile. 

2. The bow shocks appear at lesser ball,angles at the 
lower Mach numbers, as expected. 

ev eonre preeise study should ineorporate a balance that 
eliminates the induced angle-of-attack problem. Even though 
mMomimayebe small under the given loads, its effect is still 
present and makes some contribution to the measured drag. 

4. Figure 13 shows that the Mach 1.94 curve crosses the 
other two at about 0 = 50 degrees. Thereafter it continues 
Bescmocmencmrowest in drag coefficient of the three. This may 
Be explained by the fact that with the ball fully closed the 
projectile behaves more like a blunt object. Without the ad- 
Timedteoomort a streamlined projectile the drag increases as 
the pressure rise across the bow shock increases with Mach 
number. Therefore the blunt body drag becomes the predomi- 


fant esareeot the total drag for the higher ball angles. 





9. The same reasoning may be used to explain why a greater 
Puseemcauetion is indicated for the full open ball position at 
Mach 4.0 than at the lower Mach numbers. The conventional M56 
round has a somewhat blunt shaped nosecone. In a small region 
near the apex of that cone the pressure distribution may be 
appuoximated by Dlunt-body behavior; that is, the ratio of 
Pesoitres across the shock is about equal to the ratio across 
a normal shock. The ratio of pressures across a normal shock 
1s 4 times higher at Mach 4 than at Mach 2. Therefore when 
meow reston 1S removed, aS it 15 in a tubular projectile, the 


drag reduction will be greater at the higher Mach numbers. 


Pee MOMENT COEFFICIENT 

Maiilcencagdtive tare moments for Mach 1.94 and 4.0 are 
probably due to inadequate correction of the data for the drag 
Seememiemstrut. Strut drag can be thought of as a force acting 
at some point below the projectile at some unknown moment arm. 
Any tipping up of the projectile would be expected to give a 
beootcavesmoment. The drag of the Strut itself must have created 
a negative moment sufficient to overcome the expected positive 
moment encountered by the standard 20-mm round as it was 
perened-up. 

2. The fact that the moment coefficients for the full-open 
ball become increasingly negative for higher Mach numbers is 
peemlingeand indicates the need for a better determination of 


eone MOment . 





ad 


5. All the moment data are suspect and the width of the 

uncertainty band leaves much room for conjecture. One possible 

source of error was the less-than-perfect projectile/strut 

attachment. It was modified with successive tests but, as the 

uncertainty bands show, no improvement was observed. In fact 

AC / Cy 1s at its worst value at Mach 4.0, the last series run. 
Wire wueeen value produced by Che uncertainty analysis 

for the overturning moment is dominated by one term, AM/M. 

This term is given by 


me Hf 
= (¢ 4 acc-p)*+ ¢ = 
M 


\ 
M Me 


» 1/2 
BiG) | 


c 


where 
a K(Y¥, : Y.) 
Moment is given by equation (8) as: 


¥, (C-D) - ¥, (A-B) 


e 


minewnunemator, a difference of products, is extremely small 
because both terms are nearly identical in magnitude. An 


example will help to clarify this point. At Mach 1.94 and 


90 = 7.83 the following values were obtained: 
C-D = 18.5 


A-B = 12.8 


un 
A 





iitisecives the following numerator for equation (8): 


pe + (oo) = Se oe 12 8 = 846 


the value for y, and y, were obtained from the balance calibra- 


tion, (see Appendix B). The resulting moment is then: 
Mos 2 = 2.45 N em 
-.345 


For this Mach number and tall angle the scatter of 
the data spans a moment range of approximately +3.6 N cm. 
Under such circumstance the present balance design to ineffec- 
tive as a moment measuring device. 

The magnitude of the ACy/ Cy, term can best be reduced 
by greatly increasing the distance va - van OR WnOTMe irae tcalela., 
by increasing M. Because M is a function of the distance of 
Tiebecenwer tO Strut-center, (the distance 2 in Fig. 7), it is 
clear that increased accuracy cannot be readily obtained with 
the current design. This moment-arm is already about as large 
as the projectile's physical dimensions allow. 

4. The moment coefficients were expected to be zero with 
pies balieaiull open and full closed. The fact that they both 
vary considerably from expected values is further indication 
that the interference of the test-rig must be re-evaluated. 

It was previously noted that the curves follow a general be- 
havior of starting at low values, peaking, and again dipping 


down. Because the 9 = 0 position is lower than expected while 


a4 





the 9 = 90 is higher than expected (see Fig. 18, for example) 
it is as if the entire expected curve has been rotated. Intui- 
tively it seems that this general increase in Cy with Q may be 
afertect Of the pitch-up of the projectile caused by the 
higher drag at higher ball angles. 

Induced angle-of-attack calculations were made using 
both maximum and minimum drag values at all three Mach numbers. 
The calculations employed measured drag, compressible flow 
estimates for strut drag, and standard beam bending estimates. 


The results appear below: 


Vawle V. Angle-of-Attack Estimates 


Mach No. Ball Angle iotal Dirac Strut Drag Angle-of- 
Attack 

Mo 9 [deg.] D [N] De (N] a [deg. ] 

1.94 Bore? ae 6.4 5 

ie 34 0 16 Die 19 

Ae ss 90 20 che! ne 

2.88 0 iG 50 plies. 

4.0 69.67 fe 8. Sali ae 

4.0 0 SS Si 13 


These results confirm estimates that the angle-of-attack 
would be small although it appears they are not insignificant 


in their effects upon overturning moments. 


uy 
uw 





C. BALANCE DESIGN REQUIREMENTS RESTATED 

A new balance to more accurately measure the overturning 
Memeneewould incorporate the following: 

1. The distance from ball-center to measurement point 
Sseuld be increased greatly to provide a greater moment-arm. 

eee emeans Should be made for zeroing the angle-of-attack 
Peeeqmerme ball full open while operating the tunnel. 

wee Dall should be remotely positionable so its angle 
eammeeecmeoncerolled while “in-flight’™ in the tunnel. This might 
be accomplished with a speedometer-type cable passing through 
Eiescupmort struts. 

4. The support struts must be arranged symmetrically about 
the projectile so that the flow interference at each attachment 
pemmemis cancelled by another. 


Such a design might appear as shown in Figure 20. 


56 
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Figure 20. Proposed balance design. 





Ve CONCLUSION 


Iitemresults of this study Show that the drag coefficients 
for the ball-obturated tubular projectile tested may or may 
not be lower than the equivalent conventional round depending 
on the Mach number and the position of the ball. Further, 
the drag coefficient eee at a given Mach number as the 
Dail is closed down and approaches a constant value after 
complete bow-shock detachment. 

iwemearance designed tor this Study may be used for rea- 
Semable approximations of drag but 1t is inadequate for over- 
turning moment determination. A new balance design is required 
which incorporates a moment-arm long enough to amplify the 


small lift forces and moments developed by the ball. 
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Ae VE NDIOS 3B 


1. Loading with momoment only. 
When the balance is loaded with a pure moment only, the 
axial load, X, is zero (see Fig. 9). Under these conditions 


EG (0) reduces to: 


[SD ss 8) 
Somemace trom Eq. (8): 
k= - (CD) 2. LAB); iped. ; 
M M N cm 
where i.p.d. = increments of pen deflection on the recording 


Seulorenarts . 
Data for the determination of K are illustrated in Fig. 
Bl. The least quares fit of these data give: 


K = -0.1381 i:P.d- 


N cm 
Peebeaaemeeween axial force only. 
When the balance is loaded under this condition, (see Fig. 
weecoemoo) and (8) reduce to the following forms: 
~ — -D) - (A- 8) ae ee 
c= K(F, - ¥,) = Pee pet | 
X N 


and 








Miceeaiicotant € 1S detemmined by a least Squares fit of 
the calibration data. These data are illustrated in Fig. B2. 


The result is: 


e= +0387 [ Se 


Using the mean value for (C-D)/(A-B): 


y 
=e sso 


Yu 
These results combined with the K value obtained from the 


moment calibration can be used to solve for the following 


mean effective gage locations: 


S 


¥y - Yy* = 7 2.4957 cm 
CU are 
o 5 eee Us 5.7373 cm 
u = 
g 
(—) - l 
Yu 
ie. y) 
7 = 82531 en 
y 
L- (= 
Yg 
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